Murata, Jun, and Kanji Matsukawa. Cardiac vagal and sympathetic efferent discharges are differentially modified by stretch of skeletal muscle. Am J Physiol Heart Circ Physiol 280: H237-H245, 2001.-We directly measured cardiac vagal efferent nerve activity (CVNA) and cardiac sympathetic efferent nerve activity (CSNA) in cats decerebrated at the level of the precollicular-premammillary body while the hindlimb or the triceps surae muscle was passively stretched. CVNA gradually decreased during passive stretch of the hindlimb, and this decrease was sustained throughout the stretch. CSNA increased at the onset of passive stretch, but this increase was not sustained. CVNA and CSNA responded differentially to graded passive stretches of the triceps surae muscle as well as the hindlimb. The sustained decrease in CVNA but not the initial increase in CSNA became greater depending on muscle length and developed tension. The time course and direction of the cardiac autonomic responses to muscle stretch were not affected by partial sinoaortic denervation, although the magnitude of the CSNA response was augmented. We conclude that the muscle mechanoreflex contributes to differential regulation of cardiac parasympathetic and sympathetic efferent discharges during passive stretch of skeletal muscle irrespective of arterial baroreceptor input. decerebrate cats; partial sinoaortic denervation; muscle mechanoreflex PASSIVE MOVEMENT OF SKELETAL MUSCLE enhances cardiac functions such as heart rate (HR) and cardiac output and increases arterial blood pressure (AP) in conscious humans (1, 24) and anesthetized animals (17, 29) . As a mechanism inducing these changes in cardiac function during passive movement, a reflex arising from muscle mechanosensitive afferents activated by the stretch of skeletal muscle is considered. Electrical or chemical stimulation of groups III and IV muscle afferents increases HR, cardiac output, and AP, whereas activation of groups I and II muscle afferents evokes little or insignificant cardiovascular responses (11, 28, 32) . In the case of muscle contraction, myelinated group III muscle afferent fibers are more likely to be stimulated by a mechanical event in the contracting skeletal muscle, whereas unmyelinated group IV fibers are more likely to be stimulated by a metabolic product (11, 21) .
Taken together stimulation of group III mechanosensitive afferents during stretching skeletal muscle may elicit the reflex adjustment of cardiac function via cardiac autonomic nerve activity.
It appears that the cardiac sympathetic nervous system contributes to the reflex control of cardiac function during stretching skeletal muscle, because cardiac sympathetic efferent nerve activity (CSNA) was increased by muscle stretch in anesthetized cats (17) . On the other hand, the response of cardiac vagal efferent nerve activity (CVNA) to the stretch of skeletal muscle has not been investigated. HR was increased at the start of muscle contraction evoked by ventral root stimulation in the unanesthetized decerebrate cat, which was blunted after administration of atropine (20) . This result suggested that a withdrawal of CVNA is induced by stimulation of muscle mechanosensitive afferents at the start of contraction. It is considered that sympathetic and parasympathetic discharges to the heart show opposite responses during passive stretch. However, to directly identify the reflex cardiac responses, we needed to measure both CVNA and CSNA using unanesthetized animals because general anesthesia influences tonic cardiac autonomic nerve activities and the accompanying baroreflex responses (8, 15) . Respiratory sinus arrhythmia, as a noninvasive measure of CVNA, was reduced by thiopental sodium and halothane anesthesia in conscious dogs, although it was preserved during morphine-␣-chloralose-urethan anesthesia (8) . Pentobarbital sodium and ␣-chloralose attenuated tonic and baroreflex cardiac sympathetic outflow in conscious cats (15) . These previous results indicate that CVNA and CSNA are strongly affected by any kind of anesthetic agents.
Several research groups have succeeded in recording CVNA in anesthetized dogs and cats either from a cardiac branch of the thoracic vagus (3, 10, 13, 30) or from a filament dissected from the cervical vagus (4, 9, 19, 25) . The effect of electrical stimulation of somatic nerves on CVNA has been investigated previously (9, 10, 30) . Electrical stimulation of groups II and III cutaneous and muscular afferents induced inhibition of CVNA, which was followed by an increase in CVNA (30) . Therefore, it is possible that CVNA is reflexively influenced not only by electrical stimulation of small myelinated muscle afferents but also by mechanical stimulation of skeletal muscle. It is generally thought that the two cardiac sympathetic and vagal neuroregulatory systems have reciprocal functions for the heart. If so, CVNA would decrease and CSNA would increase in response to stretching skeletal muscle. Moreover, the time course of the change in CVNA during the muscle stretch would be expected to have a fixed reciprocal relationship with the time course of the change in CSNA. However, the actual relationship between CVNA and CSNA has been unknown. The purpose of this study was therefore to test, by directly measuring both CVNA and CSNA in unanesthetized decerebrate cats, the hypothesis that cardiac parasympathetic and sympathetic discharges show opposite reflex responses in magnitude and time course when the hindlimb muscles are stretched.
METHODS

Preparation
The experiments were performed on 12 cats (2.7 Ϯ 0.1 kg body wt) according to the "Guiding Principles for the Care and Use of Animals in the Fields of Physiological Sciences" approved by the Physiological Society of Japan. Surgery was conducted for implantation of catheters, decerebration, and preparation of the cardiac vagal and sympathetic nerve branches. Anesthesia was introduced by inhalation of a mixture of halothane (4%), N 2 O, and O 2 , and then an endotracheal tube was inserted. Subsequently, the cats inhaled the halothane-N 2 O-O 2 mixture through the endotracheal tube during surgery. Electrocardiogram, HR, and respiration were continuously monitored. To maintain the level of surgical anesthesia, the concentration of halothane was increased in a range of 1.0-2.5% if we observed an increase in HR or respiration or withdrawal of the limb in response to a noxious paw pinch or the surgical procedure. Polyvinyl catheters were inserted into the left femoral vein for administering drugs and into the left femoral artery for measuring AP. The left femoral artery catheter was connected to a pressure transducer (DPT III, Baxter). HR was derived from the arterial pressure pulse by a tachometer (model 1321, NEC Sanei). Rectal temperature was maintained at 37-38.5°C with a heating pad and a lamp. The head of the cat was then mounted on a stereotaxic frame. Decerebration was performed by electrocoagulation at the precollicular-premammillary body level as previously described (14, 27) . To do this, a stainless steel electrode with insulation removed 5 mm from the tip was inserted into the hypothalamus rostral to the mammillary bodies [from a stereotaxic atlas (2), coordinates from the midpoint of the interaural line were: 13 mm anterior, 6 mm horizontal, and 1-11 mm lateral, with a 14°a ngle from the perpendicular line]. A negative direct current (1 mA) was passed for 30 s through the electrode. The electrode was withdrawn by 4 mm and the current was passed again. This procedure was repeated for a total of 42 tracks at 0.5-mm intervals. After the decerebration was completed, the cat was removed from the stereotaxic frame. At the end of each experiment the animal was killed by an overdose of pentobarbital sodium and the transected area of the brain was examined histologically. From the histological analysis, the transection that started above the dorsal edge of the diencephalon and extended to the optic chiasma through the thalamus and the hypothalamus was verified. The cerebral cortex, the rostral parts of the thalamus, and the hypothalamus (the anterior hypothalamic area, the supraoptic nucleus, and the rostral part of the lateral hypothalamic area) were disconnected from the brain stem as previously reported (27) . Thus the connections between the cerebral cortex and the brain stem were interrupted. The caudal part of the hypothalamus (the posterior hypothalamic area, the caudal part of the lateral hypothalamic area, and the ventromedial nucleus of the hypothalamus) was intact.
Measurement of Cardiac Vagal and Sympathetic Nerve Activities
The cats were placed in the lateral posture. The right thoracotomy was performed. Ribs 1 or 2-5 were removed. The right stellate ganglion was exposed and the nerve bundles of the ventral ansa that extend from the stellate ganglion to the thoracic vagus were identified and cut. For recording cardiac sympathetic discharge (n ϭ 6 cats), a pair of silver wire electrodes were implanted on the central end of the most caudal cut branch of the ventral ansa. Cardiac vagal nerve discharge was measured from a branch of the cardiac vagal nerves that diverge from the right thoracic vagus to the heart; access to the cardiac vagal nerves was reported previously (18) . The azygos vein was cut and a cardiac branch of the right vagus nerve was traced to the heart as much as possible. The cardiac vagal branch was cut near the right atrium. To measure cardiac vagal nerve discharge (n ϭ 7 cats), a pair of silver wire electrodes was implanted on the central end of the cut nerve branch; both CVNA and CSNA were measured in one cat. Cardiac vagal discharge was confirmed in two ways, via: 1) augmentation of CVNA when AP was elevated by injection of norepinephrine (3-5 g/kg iv) or phenylephrine (10-15 g/kg iv); and 2) abolishment of CVNA after amputation of the right cervical vagus at the end of the experiments. Original multiunit discharges of CVNA and CSNA were amplified by a differential preamplifier (model S-0476, Nihon Kohden) with a band-pass filter of 50-5,000 Hz. The amplified discharges were converted into standard pulse trains using a digital technique that detects the peaks of the nerve spikes in the original signals (23, 33). The pulse trains were integrated by a resistance-capacitance integrator with a time constant of 20 ms. These integrated signals were used as a monitor of CVNA and CSNA.
After all surgical and preparatory procedures were complete, inhalation anesthesia was stopped. Pancuronium bromide (1-2 mg im) was injected and artificial ventilation was started. After a stabilizing period of a few hours was allowed, the experiment was conducted.
Protocols
Two kinds of muscle stretch were performed to examine the effects on cardiac vagal and sympathetic efferent discharges.
Passive stretch of the hindlimb. The left hindlimb was stretched manually for 180 s in the lateral posture (Fig. 1A) . The pelvis was clamped to prevent body-trunk movement during passive stretch of the hindlimb. During the stretch the knee joint was extended from 94 Ϯ 1°to 108 Ϯ 3°and the ankle joint was flexed from 98 Ϯ 3°to 34 Ϯ 2°while the hip-joint angle remained unchanged. From these changes in the joint angles it was estimated that the hamstring muscle was stretched by 9-13 mm and the triceps surae muscle was stretched by 14-17 mm, according to a previous study (5) .
Passive stretch of the triceps surae muscle. The stretch of the hindlimb might involve stimulation of skin and joint receptors in addition to muscle receptors. To identify the sole effect of stimulation of muscle mechanoreceptors on cardiac vagal and sympathetic efferent discharges, the triceps surae muscle was stretched passively. The pelvis and the knee and toe joints of the right hindlimb were clamped to prevent body-trunk and hindlimb movement during passive muscle stretch, as shown in Fig. 1B . The right triceps surae muscle, calcaneus tendon, and calcaneus bone were exposed. The right triceps surae muscle was isolated from surrounding tissue. The tendon was severed from the calcaneus bone and attached to a force transducer (model LC1205-KC50, A & D). Tension during the stretch of the triceps surae muscle was measured by the force transducer. The initial tension loaded to the triceps surae muscle was set at 1 kg. The triceps surae muscle was stretched for 90 s (with a manipulator) from precisely 0.5-2 cm at 0.5-cm intervals.
Timings at the start and end of stretch for the hindlimb and the triceps surae muscle were manually marked with an electric switch. CVNA or CSNA, AP, HR, muscle tension, and the marking signal for the start and the end of the muscle stretch were continuously recorded on an eight-channel penwriting recorder (Recti-8K, NEC Sanei) and were also sampled at 400 Hz by a computer. The beat-to-beat calculated parameters of CVNA, CSNA, mean AP (MAP), HR, and muscle tension and the corresponding mean values over 1 s were stored on a hard disk using a customized software program (Cordat II, Data Integrated Scientific Systems, Pinckney, MI) for off-line analysis.
Partial Sinoaortic Denervation and Left Vagotomy
To identify whether the responses of CVNA and CSNA during passive stretch of the hindlimb are influenced by arterial baroreflexes, the responses to the stretch were measured when arterial baroreceptor input was decreased. We performed partial sinoaortic denervation (PSAD) by cutting the bilateral carotid sinus nerves after identifying baroreceptor activity and the left cervical vago-aortic nerve complex in five cats. The right aortic nerve and the cervical vagus were kept intact in these cats. These nerves are fused and become one vagoaortic nerve complex in most cats; therefore the right aortic depressor nerve cannot be distinguished from the cervical vagus. Because of this, we performed PSAD in this study instead of complete SAD. It was reported that the Fig. 2 . Example of original multiunit discharges of cardiac vagal efferent nerve activity (CVNA) and cardiac sympathetic efferent nerve activity (CSNA), which were recorded in different cats. Baseline discharges of CVNA and CSNA had bursts synchronized with arterial blood pressure (AP) pulse and respiration. During a cardiac cycle, CVNA appeared around systolic AP and peaked within 100-150 ms from systolic AP. CVNA also tended to decrease near the peak of respiration-induced fluctuation in AP (F) and increase before or near the bottom of the fluctuation. CSNA mainly appeared in the phase from diastolic AP to systolic AP and was inhibited with a delay of 80-130 ms from systolic AP. CSNA tended to decrease before the bottom of the respiration-induced fluctuation in AP.
arterial baroreflex inhibition of renal sympathetic nerve activity was significantly impaired by such incomplete amputation of the afferent nerves from arterial baroreceptors, although one of the four baroafferent nerves remained intact (22) . The passive stretches of the hindlimb and the triceps surae muscle were repeated according to the same protocols outlined before PSAD and left vagotomy. PSAD was tested by observing the responses of CVNA and CSNA to alterations in MAP induced by bolus injections of norepinephrine (3-5 g/kg iv) and phenylephrine (10-15 g/kg iv). Even though the drug-induced changes in MAP became greater with PSAD and left vagotomy, the slope of the MAP-CSNA-relationship curve significantly blunted with PSAD (Ϫ0.8 impulse ⅐ s Ϫ1 ⅐ mmHg Ϫ1 ) compared with that without PSAD (Ϫ2.5 impulse ⅐ s Ϫ1 ⅐ mmHg Ϫ1 ). The same tendency was also seen in the MAP-CVNA relationship; the slope of the curve with PSAD (0.4 impulse ⅐ s Ϫ1 ⅐ mmHg Ϫ1 ) became smaller (P Ͻ 0.05) than that without PSAD (1.8 impulse ⅐ s Ϫ1 ⅐ mmHg Ϫ1 ). These data indicate that the effects of the arterial baroreflexes on cardiac autonomic nerve activity were attenuated by PSAD.
Data Treatment and Statistical Analysis
The data of CVNA, CSNA, MAP, HR, muscle tension, and the marking signal were shown on a computer display, and the beginning and ending of the muscle stretch was visually determined by the marking signal. The average values obtained for 30 s before the onset of muscle stretch were defined as the prestretch baseline levels. Changes in each variable from the prestretch levels were obtained every 1 s for 30 s before, for 180 s during, and for 60 s after the intervention, and the average values over a period of 5 s were sequentially calculated. The data of the changes in CVNA and CSNA were expressed as relative percent changes from the prestretch values, because the absolute values of the baseline CVNA and CSNA varied among animals. The changes in CVNA (percentage), CSNA (percentage), MAP (mmHg), HR (beats/ min), and muscle tension (kg) from the baseline levels for an individual animal were aligned at the onset of muscle stretch and were further averaged among animals.
These data of the relative changes were statistically analyzed using one-way ANOVA. When a significant F value in the main effect (time) was present, Dunnett's post hoc test was performed to detect a significant difference between the baseline control level and the value at a given time. Furthermore, in the experimental protocol for passive stretch of the triceps surae muscle, the peak changes in CVNA, CSNA, MAP, and HR detected during muscle stretch were calculated from the original data stored every 1 s for CSNA and from the average data over 5 s for CVNA, MAP, and HR. The peak changes in CVNA, CSNA, MAP, HR, and tension development in response to passive muscle stretch were statistically compared among the four grades of the stretch using one-way ANOVA. If a significant F value in the main effect (extent of muscle stretch) was found, Tukey's post hoc test was performed to detect a significant difference in mean values among the four grades of muscle stretch. The level of statistical significance was defined as P Ͻ 0.05. The data are expressed as means Ϯ SE.
RESULTS
CVNA and CSNA measurements. The baseline discharges of CVNA and CSNA had bursts synchronized with AP pulse and respiration as shown in Fig. 2 . During the cardiac cycle, CVNA appeared near the systolic AP and peaked within 100-150 ms from the systolic AP. CVNA tended to decrease near the peak of respiration-induced fluctuation in AP and tended to increase before or near the bottom of the fluctuation. CSNA mainly appeared in the phase from diastolic AP to systolic AP and was inhibited with a delay of 80-130 ms from systolic AP. CSNA tended to decrease before the bottom of the respiration-induced fluctuation in AP.
CVNA was augmented by intravenous injection of norepinephrine (Fig. 3) . The increase in CVNA was caused by profound increases in the occurring frequency and magnitude of bursts synchronized with the AP pulse. The CVNA discharge was eliminated by amputation of the cervical vagus. Using these criteria, cardiac vagal efferent nerve discharge was confirmed.
An example of the responses of CVNA and AP during passive stretch of the hindlimb is shown in Fig. 4 . CVNA decreased during stretching of the hindlimb muscles, whereas AP was increased by the stretch. This decrease in CVNA was developed progressively until 30 s from the onset of the stretch and was sustained throughout the stretch of the hindlimb muscles. After the cessation of stretch, CVNA slowly recovered to the baseline level.
Time course of CVNA and CSNA responses during passive stretch of the hindlimb. The baseline values of CVNA and CSNA were 131 Ϯ 1.1 and 87 Ϯ 0.9 impulse/s, respectively; HR and MAP were 158 Ϯ 1.1 beats/min and 112 Ϯ 1.0 mmHg, respectively. Time courses of the responses before, during, and after passive stretch of the hindlimb are shown in Fig. 5 . CVNA significantly decreased during the stretch. The decrease in CVNA reached a maximum value of 33 Ϯ 7.7% at 30 s from the onset of the stretch, which was maintained during the later period of the stretch. CVNA returned slowly to the control level after the cessation of the stretch. The decrease in CVNA became insignificant after the end of the stretch and CVNA returned to the control level within 3 min. MAP was significantly increased by 14 Ϯ 3.9 mmHg during the stretch. There was no statistically significant increase in HR.
In contrast to the sustained response of CVNA, CSNA was transiently increased by the hindlimb stretch. A significant increase of 47 Ϯ 19.7% in CSNA was obtained only for a brief period immediately after the start of the stretch and was not sustained during the later period of the stretch.
CVNA and CSNA responses during passive stretch of the triceps surae muscle. Figure 6 shows an example of the responses of CVNA, CSNA, AP, and muscle tension to graded passive stretches when the right triceps surae muscle was stretched passively by 1.0-2.0 cm at 0.5-cm intervals. The developed tensions were 4.8-10.4 kg. The decrease in CVNA progressively became greater depending on the extent of the stretch and was maintained during the stretch. On the other hand, the increase in CSNA was observed just after the onset of the stretch, which was unchanged among the three grades of the stretch.
When the right triceps surae muscle was stretched passively by 0.5-2.0 cm at 0.5-cm intervals, the peak responses of CVNA, CSNA, MAP, HR, and muscle tension were measured (Fig. 7) . The developed tension of the triceps surae muscle increased progressively from the initial tension of 1.0 kg by 2.9 Ϯ 0.2, 5.1 Ϯ 0.2, 8.2 Ϯ 0.6, and 9.7 Ϯ 0.5 kg, respectively, according to the grade of muscle stretch. The decrease in CVNA became greater from 9 Ϯ 2.5 to 17 Ϯ 4.3% depending on the muscle length and the tension development. However, there was no significant difference in the initial increase in CSNA among the four grades of the stretch (Fig. 7) . The increases in MAP and HR were augmented depending on the muscle length and tension development.
Influence of PSAD and left vagotomy. The baseline values of CVNA and CSNA observed after PSAD and left vagotomy were 45 Ϯ 0.5 and 110 Ϯ 0.8 impulse/s, respectively; HR and MAP were 144 Ϯ 0.1 beats/min and 108 Ϯ 0.4 mmHg, respectively. The time courses of their responses during passive stretch of the hindlimb after PSAD and left vagotomy are shown in Fig. 8 . CVNA decreased by 35 Ϯ 16.5% during the stretch, and CSNA increased by 86 Ϯ 19.7% at the onset of the stretch. The magnitude of the relative response of CVNA was the same as that of the CVNA response in the intact condition before PSAD and left vagotomy. In contrast, the increase in CSNA during the stretch after PSAD and left vagotomy was greater than before PSAD and left vagotomy (Fig. 8) . MAP with PSAD showed a greater increase in response to the stretch (by 47 Ϯ 7.6 mmHg) than MAP without PSAD.
The effects of PSAD and left vagotomy on the responses of CVNA, CSNA, and MAP during passive stretch of the triceps surae muscle were similar to the responses shown during stretch of the hindlimb.
DISCUSSION
The reflex effects of the stimulation of muscle mechanoreceptors on vagal and sympathetic outflows to the heart have been studied for the first time using unanesthetized, decerebrate cats. Our major new finding is that cardiac vagal outflow is decreased throughout passive stretch of the hindlimb or the triceps surae muscle, whereas cardiac sympathetic outflow is increased only at the start of the passive stretch. The decrease in CVNA and the increase in CSNA were also observed after partial sinoaortic denervation, indicating that the muscle mechanoreflex contributes to the regulation of cardiac parasympathetic and sympathetic nerve discharges during passive stretch, irre- Fig. 7 . Peak changes (⌬) in CVNA, CSNA, MAP, and HR (n ϭ 5 cats) detected during passive stretch of the right triceps surae muscle. When the muscle was passively stretched by 0.5-2.0 cm at 0.5-cm intervals, the decrease in CVNA became greater depending on the muscle length and the tension development but not the CSNA response. Increases in MAP and HR were also augmented depending on the extent of the stretch. Significant differences in peak changes are indicated (*P Ͻ 0.05) compared with peak values during 2.0-cm stretch. Fig. 6 . Example of the responses of CVNA, CSNA, AP, and muscle tension to graded passive stretches of the right triceps surae muscle. CVNA and CSNA were measured from the same decerebrate cat. The muscle was stretched passively by 1.0-2.0 cm at 0.5-cm intervals. Decrease in CVNA became greater depending on the extent of the stretch (A). However, the initial increase (*) in CSNA was unchanged among the three grades of the stretch (B). spective of arterial baroreceptor input. Furthermore, the finding that the time courses of the responses of cardiac vagal and sympathetic outflows to the stretch were quite different suggests that the two neuroregulatory systems of the heart are differentially modified by skeletal muscle mechanoreceptors.
A technical limitation of the present study is that the right cardiac vagal branch was amputated to eliminate contamination of afferent signals from the heart during the measurement of cardiac vagal efferent discharge. Moreover, cardiac sympathetic nerves that diverged from the right stellate ganglion were also cut to avoid contamination of cardiac sympathetic discharge. Therefore, one of the potential problems in this study is that afferent signals, which should be conveyed from the heart to the central nervous system via the cardiac vagal branch and the cardiac sympathetic nerves, were partly interrupted. A second problem is that the increase in HR in response to passive stretch of the hindlimb or the triceps surae muscle may be underestimated. A third problem is that the triceps surae muscle might be stretched beyond the physiological range when passive tension is greatly developed. Stebbins and colleagues (29) reported that the peak change in passive tension of the triceps surae due to the maximal flexion of the ankle joint was 2.0 kg from the initial resting value, although the knee-joint angle was not recorded. When passive tension of the muscle was measured at various joint angles of the knee and ankle, the maximal absolute tension within the physiological working range was ϳ3.0-7.0 kg, depending on a set of the knee and ankle joint angles (6, 7) . From the comparison between these previous data and the tension responses produced by passive stretch of the triceps surae muscle obtained in this study, it cannot be excluded that passive stretch of the triceps surae muscle with a greater tension development such as a 1.5-to 2.0-cm stretch may be beyond the physiological range of the muscle length and may activate not only mechanoreceptors but also nociceptors. However, it is likely that passive stretch of the muscle with a smaller tension development, such as a 0.5-cm stretch, does not exceed the limit of the physiological range and is able to elicit the reflex responses of CVNA and CSNA. Thus we feel that passive stretch of the muscle within the physiological range is capable of stimulating muscle mechanosensitive afferents, which in turn elicit the reflex effects on cardiac autonomic nerve activity. This is also supported by our data that mechanical stretch (by hand) of the hindlimb produced the same reflex responses of CSNA and CVNA as were obtained during the passive stretch of the triceps surae muscle alone.
Because the decrease in CVNA and the increase in CSNA were produced by passive stretch of the hindlimb within a range of physiological motion, it is likely that CVNA and CSNA are influenced by passive movement that can happen in a natural situation. However, passive stretch of the hindlimb might involve stimulation of cutaneous and joint receptors as well as muscle mechanoreceptors. Accordingly, the triceps surae muscle alone was stretched to identify the sole effect of stimulation of muscle mechanoreceptors on cardiac vagal and sympathetic efferent discharges. The sustained inhibition of CVNA and the brief augmentation of CSNA were also seen during passive stretch of the triceps surae muscle as well as passive stretch of the hindlimb, although the responses of CVNA and CSNA to the stretch of the triceps surae muscle became slightly smaller than during the stretch of the hindlimb. This difference in the responses of CVNA and CSNA is probably caused by a difference in stretched muscle mass. This result indicates that stimulation of skeletal muscle afferents plays an important role in the regulation of cardiac function via the autonomic nervous system during passive body movement. The muscle mechanosensitive reflex may augment the sympathetic outflow controlling other organs, because it has been reported that renal sympathetic outflow is increased by stimulating muscle mechanoreceptors during static contraction (31) and passive stretch (16) in anesthetized cats. Passive stretch of muscle predominantly stimulates mechanoreceptors but not metaboreceptors, because there are no changes in the blood gases, K ϩ , pH, and lactate of muscle venous blood during passive stretch (29) . Moreover, passive stretch of muscle excites most group III muscle afferents but fails to activate the majority of group IV muscle afferents (11) . The reflex modification of the autonomic nerve activities to the heart, which causes the augmentation in cardiac function, seems to be mediated by activation of group III muscle afferents recruited during passive stretch.
As an autonomic mechanism that is responsible for tachycardia during exercise, it has been postulated that withdrawal of CVNA would be primary and augmentation of CSNA would be secondary contributions to raising HR during exercise (26) . If so, the rapid cardiac vagal withdrawal at the start of exercise would be induced by central command or by the muscle mechanoreflex from the contracting muscle. However, in this study, when cardiac parasympathetic and sympathetic outflows were directly measured while skeletal muscles were stretched, the reflex decrease in CVNA was slowly developed and sustained during the muscle stretch. In contrast, the reflex increase in CSNA was observed immediately after the onset of the muscle stretch but was not sustained. Based on the present data, an opposite rationale for the physiological role of the muscle mechanoreflex is considered. The augmentation of CSNA is promptly induced by the muscle mechanoreflex, which in turn produces an initial response of HR at the start of the muscle stretch. On the other hand, the withdrawal of CVNA, which is gradually evoked by the muscle mechanoreflex, contributes to a sustained response in tachycardia during the later period of the muscle stretch.
In general it has been speculated that the responses in the two neuroregulatory (vagal and sympathetic) systems of the heart usually have a fixed reciprocal relationship in magnitude and time course such as the baroreflex responses to stimulation of arterial baroreceptor afferents (12) . However, we revealed that the CVNA response during mechanical stretch of skeletal muscle is quite different in the characteristics of magnitude and time course compared with the CSNA response. CVNA was inhibited throughout the passive stretch of the hindlimb or the triceps surae muscle, whereas CSNA was enhanced only at the start of the stretch. Furthermore, the sustained decrease in CVNA but not the initial increase in CSNA was dependent on the muscle length and tension development. These results indicate that cardiac parasympathetic and sympathetic outflows are controlled separately and differentially by the muscle mechanoreflex when stretching skeletal muscle.
Because of a rise in AP by injection of norepinephrine during resting, the arterial baroreflexes cause augmentation of CVNA and inhibition of CSNA, as shown in Fig. 3 . We examined whether the responses in CVNA and CSNA during the stretch were affected by the arterial baroreflexes. CVNA was decreased during stretch of the hindlimb or the triceps surae muscle despite an increase in AP. The response of CVNA to the muscle stretch did not change before and after partial sinoaortic denervation. These results demonstrate that the CVNA response is predominantly evoked by stimulation of muscle mechanosensitive afferents but not by arterial baroreceptors. In other words, the arterial baroreflexes seem to have little influence on CVNA in the MAP range of ϳ110-130 mmHg before and during the passive stretch. Moreover, the increase in CSNA seen at the onset of the muscle stretch preceded the rise in AP, suggesting that this increase in CSNA is induced by the muscle mechanoreflex. However, the response of CSNA was augmented by partial sinoaortic denervation, which indicates that the activation of CSNA during the muscle stretch is restrained by input of arterial baroreceptors due to the elevation of AP. Taken together, the reflexes from arterial baroreceptors mainly influence CSNA rather than CVNA during passive stretch.
Finally, regarding reflex mechanisms of skeletal muscle mechanoreceptors to the cardiac autonomic nerve activities, we conclude that stimulation of mechanosensitive afferents causes a gradual and sustained withdrawal of cardiac vagal outflow, which is quite different from the augmented response of cardiac sympathetic outflow.
